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^ Electronchemical processes involving enrymes. 



£ * r e -notification enzymes tnrougn cnem»cal attacnmont of an eiec:ron»caiiy active mate-ia- sjch as a 
•er-ocenear^ ae o f a 'err ;ceneace:arp'oe D r through cnemicai conversion 'unctionai ^roucs of an enzv^e. 
sue- as conversion :•' cncr— e *v r csine-aTMdes to enzyme LJ^yd r oxyonenv:,iia^ n e amices, allows previously 
unanamaDie direct interactions oerween tne enzyme and an electrode Th ;j c -s ooss o'e tc ar:ve chemical 
'eactiC^S mvolvtng »r>e enzyme HrZZVy Dv nteraC!»on *ith an ^lectroce V C?nv*,'$eiy t :S oosso'o :c ^on:tor 
:nemica; -eacticns mvcivmg :ne enzyme Ji-ecriv at an eiecvoovj Tr.-z aDn>T, ~as consequences 'o' :herrvca! 
syntnesis. 'cr the assay oiocnerrwca:s. and 'or tne CC3: .onurration -nr. concentration o 4 reoucscie or 
oxidzaoie Oiocnemica^s r c»o:cg=caJ •.■-*:e nr s cy mea~s ".' "■octroi-; c 'vises :n-, ::v»ng re chemically- 
mcdifiec enzymes 
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ELECTROCHEMICAL PROCESSES INVOLVING ENZYME? 



Background o? the Invention 

L T *c nn| cai r"eid 

5 

T h:s invention relates to biochonvrai reactions and in particular 10 biochemical reactions involving 



re 2_ Ar BacKgrouno 

Enzymes (i.e., macromoiecuies. for example protein containing macromoi9Cuies. that accelerate a 
cnemical reaction) are used for a variety of processes. Redox enzymes are used in the electrochemical 
syntheses of Diochemicals as well as in the assay and monitoring of biologically significant chemicals. In 

•5 both applications, a fluid containing the enzyme interacts with an electrode, in reductive syntheses and 
assays, electrons are transferred from tne electrode to the enzyme to induce a chemical reaction. In 
ox^ative syntheses and assays, electrons are transferred from the enzyme to the electrode. Thus, not only 
are significant biochemical reactions driven electrochemically. but by monitoring the rate and/or potentiai of 
me electron transfer process, it ts also possible to obtain a measure of reactant concentration, i.e.. 

20 concentration of the material that is enzymatically oxidized or reduced. 

The redox centers of enzymes do not interact directly with electrodes as a result of their involvement in 
accelerating a desired reaction. (Some interaction might occur due to extraneous processes such as 
oxidation or reduction of the enzyme unrelated to the enzymatically catalyzed reaction. These extraneous 
processes and the resulting current are independent of reactant concentration.) UsuaJfy modification of 

zs enzymes lead to their deactivation. For example, modification of carooxy groups in the enzyme bovine 
C3rooxypeptidase A. by N-ethyl-5-phenyhsoxazoitum-3'-sulfonate leads to its deactivation as reported by P. 
m Petra m Biochemistry, 10. 3163 (1971) Possibly, because chemicaJ modification appears to be an 
unoroouctive approach, to produce the desired charge transfer between the electrode and the enzyme, a 
low molecular weight reductant. oxidant, or redox couple is added to the electrochemical medium. The 

20 added species diffuses into the enzyme. exchanges charge, diffuses out of the enzyme, and reacts with the 
eiectroce. for example, for the enzyme glucose oxidase [EC. (enzyme catalogue) 1.1.3.4). oxygen is 
•nrroouceo mto the fluid, diffuses into the enzyme, is reduced by the glucose-reduced enzyme to hydrogen 
peroxide, wn.ch is electrochemically or chemically assayed Similarly, m the production of pure L-ammo 
acics from their mixtures with D-ammo acids by oxidation with D-ammo acid oxidase, oxygen, or an oxidant 

35 sucn as qumone carboxyhc acid. »s mtroducea to insure transfer of electrons from the enzyme to the 
ox:dan; and from the oxidant to the electrode 

For many applications the introduction of these low molecular weight entities is not entirely desirable. 
The assay of b«ochem»cals becomes dependent on tne concentration of these added entities. Since this 
concentration is difficult to control, a concomitant inaccuracy «s introduced «nto the assay. Thus, for 

40 example, when glucose is being assayed by oxidation with oxygen m the presence of glucose oxidase, the 
rate of production of H,0, depends on the concentration of the dissolved oxygen. Since the current 
detected depends on the H,0, concentration, this smrttng limits the accuracy of the assay Similarly, for the 
induction of chemical reactions, the introduction of a redox couple introduces impurities which for 
specialized applications are not acceptable Therefore, for many significant applications, the use and/or 

45 presence of a separate redox couple is not desirable, and yet. without this couple the desired process does 
not occur 



Summary of the Invention 

Modification of an enzyme to interact directly with an electrode has been accomplished. This modifica- 
tion is achieved, for example, by chemically reacting the enzyme with a material having at least one 
functional group that chemically bonds to sites on the enzyme and at least one second group that acts as a 
redox couple. Alternatively, functional groups on the enzyme are convened to redox centers. Electron 
transfer occurs first from the chem.cally-active region of the enzyme to the introduced redox center and 
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men either from mis center directly to me electrode or to otner bound redox center or centers ana men to 
me electrode. This enzyme modification is produced without unacceptable kos in enzyme activity A 
contemplated expianar.cn is that tne redox center «s removed a sufficient distance from me .ntr.ns.c catalytic 
center or centers of the enzyme to prevent deactivation out is sufficiently close to them to alio* transfer of 

5 electrons, possibly through processes such as tunnelling 

Enzymes so modified allow processes that involve direct charge transfer between the electrode and the 
enzyme. For example, glucose oxidase modified to form amide linkages with fe^ocenyi or ferrocenyi- 
contaning groups directly interacts wtm an electrode Thus, the oresence of glucose, a material that 
reduces glucose oxidase, is detected py monitoring me rate and or potential of electrons passed directly 

to from the reduced enzyme to the eiectrode. In general, this technique of adding a redox center at a position 
removed from the reversiDly reducible- ox.dizabie center of the enzyme is effective in promoting interaction 
of an electrode directly w.m the enzyme and. thus, m the promoting of processes m wh.cn such direct 
interaction is desirable 

Brief Description of the Drawing 

The Figures are illustrative ot -esutits ootamacie with tie -nvention 



Detailed Description 

The electrochemical aoo'icanons involved m this -nvent.on are generally perlormec m a homogeneous 
or heterogeneous aqusuus medium »n tne pH range between 4 and 9. Fluids other man those Dased on 
25 water generally induce deactivation of enzymes and. thus, are typically not desirable Thus, generally »n 
practice, reactants m an aqueous medium are oxidized or reduced in the presence of the modified enzyme, 
or tn a heterogeneous system containing me modified enzyme immobilized on a solid such as a glass, a 
polymer, or a metal. (An aqueous-oased fluid »s any fluid containing at least 60 percent water and includes 
biologtcaJ fluids such as Dlood.) An electrode is generally contacted with this fluid simply by immersion. As 
jo discussed, it is possible to attach me chemically modified enzyme to the conducting electrode and contact 
this electrode w.m the flu.d T 0 comoiete the electrochemical process, a counter electrode mat electrically 
interacts with me aqueous medium is employed (A reference electrode is also commonly used, though its 
presence is not essential ) Again, me cell has at least two electrodes, e.g.. metal electrodes, such as gold, 
platinum, or conductive caroon. or alternatively an electrode that is part of a sem.conouctor-based circuit. 
35 Electrical interaction is conveniently produced Dy simoiy immersing the electrodes and aopiymg an 
aoproonate ootentiai. Typical counter electrodes are gold, platinum, or carDon Convenient reference 
electrodes include Hg Hg,CI, m cnionde ion-contammg solutions and Ag AgCI m chloride .on-contammg 
solutions # 
The reactants. e.g.. me material being tested, or me material reacting to form the desired product(s). 
*o are mtrooucea into me aqueous mixture involved m the electrochemical cell It t$ generally advantageous 
mat these materials be introduced by soivatmg them it »s oossibie to adjust the PH of the aaueous medium 
to advantageously effect this dissolution However ,: is general!- desirable to ma-ntam a pH m me range 4 
to 9 so that the enzyme is not adversely affected For example m the case of interactions involving glucose, 
me glucose is dissolved in an aqueous medium having a pH of approximately 72 Methods of maintaining 
*$ an appropriate pH by means of conventional or biological Duffers are useful. 

Enzymes are generally soluble m an aqueouc medium The modifications involved in me invention do 
not appreciably modify this solubility. Thus, me modified enzyme, if not attached to an electrode, is also 
advantageously introduced into me aqueous medium by addition of further solvent. The electrical conductiv- 
ity, both anionic and canonic, necessary tor an electrochemical process, is supplied by all me dissolved 
so ions including the onzyme At least pan of the Faradaic electrode reactions involve charge transfer to or 
from the enzyme. Further introduction of reoox couples, oxidants, or reductams other than the biocnemicais 
involved in me reactions, is not required. (However, such introduction is not precluded.) 

The enzyme to be employed is modified by the introduction of one or more redox centers, e.g.. by the 
introduction of a reversibly oxidizabie/reducible species. Exemplary redox centers are ferrocene derivatives. 
55 mdophenols. hydroqui nones, a/omanc hydroxyammes. alkylviologens. or other redox entities. This introduc- 
tion of redox centres into me enzyme »s advantageously accomplished by reacting the enzyme with an 
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entity navtr^g a functional grouo tnat reaas «*»tn me enzyme ana navmg a secono functional grouo mat acts 
as a reoox center ^or e<amo<e n tne case of glucose ox>case. a su«tauie mc jifcaticn occ's mrbugn tne 
forrr.auon of an armae nnnage *"m eitner ferrocenecarooxync aod or ferrocenyiacetic aod A modification 
cy one $ucn reaction sequence $ .'eoresen:ec 'or ferrocenecaroo*y.'- t> y : r .e formulae 

5 
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Thf ^ secuerrce * uu.zed s-nce me ort .n me react.on medium does -.ot adverse-y afect the 
»nr/me s.nce re reaction, proceeds .n an aqueous medium anc since re- jents mat do not ceactivate me 
enzyme are'emp'oyed to nduce me reaction. However, reaction sequences are generally adaptable to me 
-anic'yiar functional 3 roucs avaiiaoie on tne enzyme ano to tne reactions typically undergone by such 
-roups Aitnougn a saccular reaction mecnan.srr, n.as been cr.osen to produce me modified enzyme, the 
eiecm-al ana c-em.ca. activity does not deoena on tne particular reaction employed Alternatively, it is 
poss.bie to ntroduce a redox center dy modifying a -unctionai group of tne enzyme. For example, glucose 
oxidase is rr.od.tiec Dy reacting some of its tyrosine to form 3-am,no-4-n y droxypnenylalan,ne andor 3.4- 
dinyaroxypnenyiaianine 

The e«act mec-.an.sm tor introducing th« presence of redox center without deactivating me enxyme is 
no- xnown A -ontemoiated mecnan.sm is that tne enzyme-mod.fying redox center is sufficiently removed 
from redox centers originally present ,n me enzyme, that :t does not interact chem.cally. and. thus, does not 
cause deactivation However, the distance required for deactivation ,s significantly smaller than tr.e d.stance 
tnrougn wn.cn electrons are transferase Thus, it -s oel.eved that the added redox center is sufficiently far 
from me chem.ca. center to avoid deact.vat.dn and yet sufficiently close to allow electron transfer In d.mer.c 
or tetramenc enzymes .1 is possiDle to expose tne inner protein, poss.oly m tne proxim.ty of the enzymes 
redox centers oy reagents sucn as urea. In tn.s case, bonding of the redox couples to the exposed mner- 
prctem surface is adequate and avoids excessive cnange m me conformations of the monomenc enzymes. 
Surface oonamg aiso produces effective charge transfer 

P-ec-se -onroi of me position of me introduced redox center is. however, generally not possible and 
thus some ac'ivity •s lost For example, m me modification of glucose dy a ferrocene derivative, the 
enzyme s ove'a.i activity is reduced by one-m.ro upon modifications. Nevertheless, despite such partial 
deactivation .s poss.oie to produce a sufficiently active enzyme mat has the required chemical and 
electronic activity Thus, me procedure for electronic modification is generally applicaoie to enzymes and 
the eiectrornem.cai procedures depending on them 

As discussed n is poss.bie to attach the enzyme to a substrate, e.g.. an men earner, an electrode, or 
an electrode mat .s part of a sem.conouctor-dased dev.ee. For example, it .s possible to introduce a 
modified glucose oxidase into a porous polymer coated onto a platinum electrode The advantage of such 
direct contact .s mat enzyme .s not present -n the medium and. thus, a smaller amount of enzyme .s 
sufficient However sucn methods for contacting ohen reduce the efficiency of electron transfer between 
tne modified enzyme and the electrode. For some aoDiicat.ons wnere immunological interaction of the 
enzvme w.m re o.oiog-cai medium ,s not cesired. use of both a membrane ano e.ectrode attachment is 
useful 

in me aosen.-e Of direct attaenment to me electrode, it is des.radte to use a membrane to prevent 
diffusion of r.p enzyme to an excessive distance from the electrode m orpcesses such as assays where 
sucr. diffusion -s unacceptaole. Suitable memoranes .nciude materials sucn as porous glass or cellulose 
der.vat.ves ano p.ocompat.bie. unmodified or mocf.ed mater.ais .nciudmg polyesters, polycarbonates, 
oo.vu.etnanes -emacry.ates. polyvinyl a.conois 'luonnated polymers, e.g.. Teflon? and coated pprdus 
glasses 

T-e -?<amD)es are illustrative r -e nvent-on 



Example i 



Glucose o-icase :EC » i 3 4] from Aspergillus *ge.- was purchased from S.gma. St Lou.s. Me. 
(Catalog *G-8t35. The activity of this enzyme was 118 un.tsmg Na-HEPES[sod,um ,-(2-n y aroxyethy.H- 
O.perzeinee.nanesu.fonate]. DEC[l-(3-dimetn y .am.no pr 0 p y l,-3-emy.carPox,.m,de hyaroch.or.de] _ and »er- 
rocenecarboxyuc acid .1). were purchased from A.dr.ch SEPHADEX 6-15 was purchased from Pharmacia 
F,n- Cnem.ca.s Cataiase (EC l.li.t.6] was purcnaseo from S.gma (Catalog * C-10) 

The enzyme was mod.f.ed .n the fo.iow.ng way Ai. react.ons were earned out .n an ,« . batfr 
Aoproximateiy 80 mg of ferrocenecarboxyl.c acd was d.sso.ved .n 4 ml of a 0.15M Na-HEPES solution, to 
form a slightly turp.d solution of pH 7 .3 , 0 . 1 (When higher, the pH was lowered to this value by adding 
□ropw.se J Ist.rr.ng. an Q.iM Hd so.ut.cn., Approx.ma.e.y 100 mg of DEC was then added and d.ssoK,eo. 
'ollowed by 810 mg of urea After the urea dissolved the pH was again adiusted to a value .n me range 7.2 
,o 7^ and 60 mg of glucose oxidase was added and dissolved. When necessary, the pH was again 
ad.u'ted to the 7 2 to 7 3 range, by adding either 0.15 Na-HEPES dr 0.1M HCl Sdlut.on 

* olution was then placed .n a glass v,l. sealed with a paraffin ,o,l. and .eft » - •£ 

water con,a.n.ng dewar overn.ght (-I5h) The turbid solution was centnfuged. and the supernatant ..quid 
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*as i *e^ec jr-* r m..c ■- 1 atm cress-re though a 0.2 um. ocre filter Tne moC;fieC enzyme was seoarated 
i^pr. . ne .jrtreac.ed •e'rocenecarocxyiate a.id from tr.e reaction oroduct o' :erroc?necarpoxylat^ and DEC by 
ge 1 filtration trrcugn a 2 cm diameter. 22 cm long column of SEPHADEX G-15 Prior io the preparation of 
the coiumr the SEPHADEX was soaxea for more tr.an 2 hours m a oH 7 0 butter, prepared t>y adding to a 
5 0 085M so<ct'On of Na r HPO. droos of concentrated HCi This router was used as the eluer.t m the 
seoaranon Tre enzyme was eiutea in the first, orange-colored fraction, of a volume of 4 ml or less 
Analysis of sections of tne enzyme Dy atomic aosorption spectroscopy showed that prior to modification 
there were 2 ; r cn atoms per enzyme molecule, anc tnat after modification there were 14 iron atoms per 
moiecuie. 

to The eiecfoc^e. iicai activity of the enzyme was measured using an electrochemical cell that had two 
compartments Tne inner, enzyme containing, compartment was a 1.0 cm ID pyrex tubing with a VF glass 
fnt The wooing electrode was polished sequentially with 1.0. 0 3. and 0 05 um AI,0 J( rinsed in deioni2ed 
water, and dried m a nitrogen stream prior to each measurement. The reference electrode was NaO 
saturated calomel, and the counter electrode was spectroscopic grapn:te rod. The electrolyte in the outer 

»5 compartment was the outfer used for gel-filtration The measurements were performed under a nitrogen 
atmosphere, using a PAR 173 potentiostat gaivanostat wun a PAR 1 75 programmer, and an HP 7090A 
recorder. 

The cycuc voltammograms shown m Figure 1 were obtained for an enzyme concentration of 10 mg ml 
<1200 units mi m me case of the unmodified enzyme) m 085M Na,HPO. Drougnt to pH 7 0 by adding 

20 concentrated HCI The solution also contained 6000 units mi of cataiase to decompose any hydrogen 
oeroxiae that might be formed m tne oresence of traces of oxygen 

Curve 30 uf Figure 4. shows cyclic voltammograms of solutions ot the enzyme before modification with 
ana without 5.0 mM glucose. The cyclic voltammograms observed unaer identical conditions with the 
modified enzyme are seen in curves 31 (no glucose). 32 (0 8 mM glucose) and 33 (5-0 mM glucose) of 

25 Figure 4 While the unmodified enzyme did not respond to the addition of glucose, the modified enzyme 
aid The point at wmch half the glucose-concentration-deoenoent. limiting current is reached was 0 5V 
'SHE), wnicn js consistent with the redox ootential of the ferrocenecarooxylate ferroaniumcarooxyhc couple. 



30 Examoie 2 

The er.zvme D-amun? acd oxidase [E.C i 4 3 3 ] from porcne <:dney (type I) was purchased from 
Sigma. St. Lous. Mo The enzvme was modtfiec oy terrocenecarboxyhc acid, and purified following the 
orocecure oescioeo -r. Examoie 1 Cyclic voitametry for the unmoored enzyme yielded curve 40 (Figure 
35 : 1 No increase n tne oxication current was observed wnen D-aianme was added to a solution of this non- 
mocifted enzyme Cvcnc voitamet'y for the modified enzvme snowed an increasing oxidation current from 
curve 4t to curve 42 a*:er 2mM D-alamne was added *o the solution ot the modified enzyme (Figure D 



40 Example 3 

Ferrocenyiacetic aca was preoarec as descroec cy D Leo-ncer. J K Lindsay, and C R Hauser m the 
journal of Organic Cnemtstry. 23 p 553 M953» T-.e enzyme glucose oxidase [E.C M.3 4] was modified 
tnrougn the procedure descnoed m Examoie 1. except that terrocenyiacetic acid was used instead of 
45 ferrocenecarboxyhc acid. F.gure 2 snows the c~a^ge <n oxioanon current from curve 51 to curve 52 uoon 
the addition of sufficient glucose to an electrochemical cell coma-nrng tne modified enzyme to yield a 30 
mM solution A similar call witn the non-modified enzyme cnc-.vcc* nc Change m current uoon the addition of 
glucose 

sc 
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E.xamoie 4 

Tyrosine grouos of glucose ox.case [E C : i 3 4] were :-nveaec tz e.ectrocnem.caiiy ac:;ve 3-ammo4- 
r.yaroxy-pnenyiaianme ana DC?A gr^os tr.r^ugn :ne folic*. ng senate 

5 



FJ E - Enzyme t 

ADproxjmately 140 mg of p-ammoitrooenzene was dissolved m 10 mi of DOiimg 0.3 M HCI. The solution 
was cooled to <ce Datn temperature and 70 mg of NaNO,. dissolved m 1 ml of water, wad added. After 
stirring for 5 mms., 1 ml of this solution was mixed with 2 mg of a solution mat 1) was 0 3 M in phosphate. 

*° buffered at pH 10. 2) was 2 M in urea, and 3) contained 60 mg of glucose oxidase [E.G. 1.1.3.4]. The 
resulting deep red solution was stirred for 10 mms„ then subjected to gel-filtration, using a SEPHADEX G- 
15 column The enzyme was eluted as the first deep red fraction. The azo-bond was reductively cleaved by 
adding Na,S,0. (50 mg) to 2 ml of the pH 7 solution of the modified enzyme. The mixture was allowed to 
react for 20 mm. at room temperature and the enzyme fraction was separated by gel-filtration. The modified 

* 5 enzyme was eluted as the first orange fraction The cyclic voltammograms obtained with the modified 
enzyme are snown in Figure 3 The curve 76 was obtained without glucose in the solution. The Curve 83 
was obtained using the same solution but also containing glucose at 30 mM concentration. 

The oxidation curent increased wnen glucose was added to the solution of the modified enzyme. 

3C 

Example 5 

An electrode, on whicn tne chem.can /-modified enzyme of Example 1 was immobilized was prepared 
using the .mmooihzation technique of J F Castner ana L. B W.ngard published m Biochemistry, 23. p. 

3S 2203. m 1984 In this procedure, a :iean ptatinum-disc electrode 4 mm m diameter was placed in an 
electrocnem.cal cell, containing 0 5 M sulfuric acid, and the electrode was cycled between 0 4 V (SCE) and 
13 V (SCE) until the i-V characteristics stao«lized. Subsequently, the electrode was reduced at -0.4 V 
(SCE) for 10 sec. then oxidized at <-0 4 V (SCE) for 2 mm The eiectrooe was then washed in deioized 
water ana siacea in an aqueous 4 (weignt) percent aiiyiamme solution for 30 mm., rinsed m deiomzed water. 

40 and dre.a m a nitrogen stream Aoproximateiy 100 ul of the modified enzyme solution, prepared as 
described in Example 1. and 50 ul of a 2.5 (we>gnt) percent giutaraidenyde solution in water were then 
m.xed. and the platinum electrode on wn.ch an aiiyiamme layer had been aosoroed was contacted with this 
solution. The glutaraldehyde and the amine were allowed to react for t hour to form a poiymer. The 
electrode was then rinsed with deiomzed water 

45 The glucose-response of this electrode was checked oy measuring the current at a potential of 0.59V 
(SHE), e.g.. 0.35V (SCE). The current measured when the electrolyte aid not contain glucose was 100 uA. 
In the same electrolyte, but with 5 mM glucose m the solution, the current was 125 uA 
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Claims 

1. An electrochemical process comprising the steps of interacting 1) a conductive aquecus-based 
medium containing a reactant with 2) an electrode, to induce a charge transfer and a reaction of said 
reactant wherein said transfer and said reaction involves an enzume characterized in that at least a portion 
of said charge transfer occurs directly between said electrode and sa.d enzyme as a consequence of said 
reaction and wherem said reaction if accelerated by said enzyme 



8 



0 278 647 



2 The process o- c:amn 1 :~a:actenzed m. ma: said crarge transfer incudes a desired cnemicai 
conversion. 

3 The orocess of c;ajm 1. characterised -n tnat said en: y me comprises a material formed by me 
cnemicai reaction between an enzyme that is incapable of said direct excnange and a material having a first 

£ functional group mat cnermcaiiy reacts witn satd enzyme anc a second functional group that «s capaDie of 
acting as a redox center. 

4 The process of ciaim 2. characterised m that said enzyme comprises an enzyme that is mcaoable of 
said direct transfer wne'etn sad incapable enzyme has at least one of its functional groups modified into a 
redox functional group 

•c 5 The process of claim i. characterised m that said transfer exchange is monitored to determine the 
concentration or presence of a reactant 

6. The process of ciajm 5. characterised m that said enzyme comprises a material formed by the 
cnemicai reaction between an enzyme incapable of sa»d direct transfer and a material having a first 
functional group that ts capable of acting as a redox center and a second functional grouo that chemically 

T5 reacts with said enzyme 

7 The process of claim 6. characterised in that said incapable enzyme ;s glucose oxidase. 

8 The process of claim 7. characterised m that said material comprises a ferrocene derivative 

9 The process of claim 5. characterised in that said enzyme comprises an enzyme that is incapable of 
sa:d direct transfer wherem said incapable enzyme has at least one of its functional groups modified into a 

2C redox functional group. • 

10 The process of claim 9. characterised m that said mcaoaoie enzyme is glucose oxidase 

11 The process of claim l. characterised m that said enzyme is attached to said electrode. 

12 The process of claim i. characterised m that said interaction is done in the presence of a 
memDrane. 

25 13 The process of claim 12. characterised m that said membrane comprises a biocompatible 

membrane. 

14. An apparatus suitable for electrochemical processes, said apparatus comprising an electrode and an 
enzyme characterized m that said enzyme is capable of direct charge transfer with said electrode as a 
consequence of a desired chemical reaction. 
jc 15 The apparatus of c!ajm 14. characterised m mat said enzyme is formed by reacting a) an enzyme 

mcaoaoie of direct charge transfer with said electrode with b) a material having a first functional group that 
chemical bonds with said enzyme and a second functional group that acts as a redox center. 

16. The apparatus of claim 15. characterised in tnat said incapable enzyme comprises glucose oxidase. 
it The aDparatus of claim 16. characterised in that said material comprises a ferrocene derivative. 
J5 13 The apparatus of claim 14 characterised m tnat said enzyme «s formed by the modification into a 

redox center of a functional grouo o' an enzyme mcapaoie of unaergo.ng direct charge transfer witn said 
eiectroae 
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FIG. 1 
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FIG. 4 




This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

d BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



